Residual stresses in TiN and TiAlN films on steel substrate were investigated by ultra high X-rays of synchrotron radiation. The specimens prepared in this study were single-, double-and multi-layer TiN and TiAlN films deposited on high speed steel substrate by arc-ion plating. The minimum thickness available for the residual stress measurement was 0.8 µm by in-lab equipment whereas below 0.1 µm by synchrotron radiation. Extremely large compressive residual stresses were found in the films. Residual stresses in TiAlN films were more than twice larger than those in TiN films, resulting to reduce the average residual stress in the whole film system by making double-or multi-layer film construction comparing to that in the single TiAlN film.
Evaluation of Internal Stresses in Single-, Double-and
Multi-Layered TiN and TiAlN Thin Films by Synchrotron Radiation
Introduction
TiN and TiAlN films, typically used as hard coatings, have recently received extensive coverage in the literature (1) - (5) . These films, prepared by physical vapor deposition (PVD) or chemical vapor deposition (CVD), are used for coating a surface of cutting tools (6) and die-casting moulds (7) . Although the reason is still unclear, a cutting tool coated with a multi-layered film generally lasts several times longer than that coated with a single layer film.
Through the coating process, residual stresses unavoidably develop in films due to differences in atomic spacing, thermal expansion coefficient, and cooling conditions between the film and the substrate. Significant residual stress may lead to micro-cracks in the film or cause the film to peel from the substrate (8) . Therefore, control of residual stress is important for mechanically stable films. In this meaning, it is necessary to characterize the film during the initial stage of film growth in order to make clear the mechanism of crystal orientation and stress formation.
We made an experiment with an ultra-bright X-ray (synchrotron radiation) equipment to measure the residual stress in double-and multi-layered TiN and TiAlN films deposited on steel substrates by arc-ion plating (AIP).
Preparation of Specimens
The specimens used for residual stress measurement were single-, double-and multi-layer TiN and TiAlN films deposited by the arc-ion plating (AIP) system.
The three types of specimen are shown in Table 1 . The substrates, 13 mm × 13 mm × 5 mm plates of highspeed steel (HSS), were sorted into three groups according to the number of layers, viz. single-, double-, and multilayer films. The thickness of the single-layer films is 3 µm. In the double-layer films, the upper layer is a 1.5 µm-thick TiAlN film, while the lower is a 1.5 µm-thick TiN film. The multi-layer films have 40 alternating layers of TiAlN and TiN and the outermost layer is TiAlN film. The total thickness of the multi-layer films is 3 µm, and therefore, 
Experimental

1 Observation of film surface
The surfaces of specimens were observed by SEM (S4700: Hitachi High-Technologies Co.) with the accelerating voltage at 15 kV.
The average roughness of each specimen was measured three times by a surface roughness tester (SJ-400: Mitsutoyo Co.) with the cut-off value of 0.8 mm, and the measurement length of 4 mm.
3. 2 Residual stress measurement by in-lab X-ray equipment The residual stress was measured by X-ray diffraction with Cu-Kα (λ = 0.154 056 nm). The tube voltage was 35 kV, and the tube current was 20 mA. The irradiation area was 2 mm × 5 mm.
3. 3 Residual stress measurement by synchrotron radiation We performed the residual stress measurement in the films by synchrotron radiation (SR) at BL13XU in the SPring-8 of the Japan Synchrotron Radiation Research Institute (JASRI). The multi-axis diffractometer shown in Fig. 1 was used in this investigation. The energy of SR was 9.04 keV (λ = 0.136 168 nm), as confirmed by the 211 diffraction peak value of standard iron powder. The size of the incident SR beam was 0.1 mm × 0.1 mm.
Residual Stress Analysis
The two-tilt method (9) was used to measure stresses in the {111}-oriented film because adequate TiN222 diffraction intensity could only be obtained at two ψ angles, i.e., ψ 1 = 0
• and ψ 2 = 70.5
• . Stresses in TiN and TiAlN film were determined by the following equation:
where E and ν are the Young's modulus and Poisson's ratio of the film, respectively, and ψ is the angle between the normal to the lattice plane and the normal to the film surface.
Expressing the lattice strain, ε, in terms of the diffraction peak angle, 2θ, Eq. (1) becomes:
where K is the stress constant, and M is the slope of the 2θ -sin 2 ψ diagram. The values needed for the stress calculation are shown in Table 2 (5), (10) . The stress in the HSS substrate was measured by the conventional sin 2 ψ method (11) , allowing the crystal orientation of the double-and multi-layer films to be determined concurrently.
The diffraction peak position was determined by Gaussian approximation after the correction of Lorentzpolarization factor (12) and subtraction of background intensities.
Experimental Results and Discussion
1 Structure development in TiN and TiAlN films
Texture development was measured by Cu-Kα characteristic X-rays. Figure 2 shows the diffraction patterns for single-layer TiN films deposited at various bias voltages (V B ) between −30 and −200 V. Small 111 and 220 diffractions were observed for films deposited at V B = −30 V. For the films at V B = −100 and −200 V, 220 diffraction disappeared and 111 and 222 diffractions increased in their intensity. Figure 3 shows the pattern of single-layer TiAlN films. The 220 diffraction was observed at −30 V whereas 111 diffraction appeared at −200 V. From these results, it is said that {111} texture develops with increasing the bias voltage. Figure 4 shows SEM micrographs of the surfaces of single-, double-, and multi-layer films. Figure 6 shows the revised diffraction patterns observed by SR for the multi-layer films (specimen C1). Since the lattice parameter of TiN and TiAlN is very close each other, the TiN 222 and TiAlN 222 diffractions overlapped for ψ = 0
2 Surface of single-, double-, and multi-layer TiN and TiAlN films
3 Residual stress in single-, double-, and multilayer TiN and TiAlN films
• whereas the two lines were well separated for ψ = 70.5
• . This fact means large difference in residual stresses in TiN and TiAlN layers. Figure 7 shows the 2θ -sin 2 ψ plots of TiN layers, TiAlN layers and HSS substrate, respectively. The error due to repeating measurements was negligible for all the specimens excepting C4. Figure 8 shows the result of residual stress measurement in the TiN and TiAlN layers as well as HSS substrate. The residual stresses in the films were compressive and had a magnitude of the order of GPa. Comparing with the residual stresses in single layer TiAlN and TiN films, the stress in the former is 3.7 times larger than that in the latter. Figure 8 also shows a small compressive residual stress in a thin substrate layer near the interface. This may be resulted from an implantation of titanium atoms into the substrate or the effect of atomic peening onto the substrate. Compressive stresses observed in the film and the substrate equilibrate with the tensile residual stress in a deeper layer of the substrate.
Speaking with the double-and multi-layer films, the residual stress in TiN layers was measured between −2 and −5 GPa whereas about −8 to −9 GPa in TiAlN layers with the exception of B1 and C3. The magnitude of the stresses is not varied from the single-layer films. Furthermore, the residual stresses in the TiN and TiAlN films are almost constant independent of the layer construction, i.e., single-, double-or multi-layer.
TiAlN film is said to be harder than TiN film and much beneficial for hard coatings. However, the residual stress in the TiAlN film is much larger than that in the TiN film as shown in Fig. 8 . Therefore, a direct depositing of the TiAlN layer on the substrate makes a large step of residual stress at the interface between the substrate and the film. Such large stress step from the substrate to An average residual stress through the total thickness of a coating layer is also reduced by forming a double-or a multi-layer film comparing with the stress in a single TiAlN film.
Conclusions
The effect of film thickness on film structure and on the state of residual stress was first investigated in TiN films deposited by AIP on austenitic stainless steel substrates. We found that the {111} texture was formed in the TiN films. The minimum film thickness that allowed residual stress measurement was determined to be below 0.1 µm with the ultra-bright X-rays of SPring-8, whereas 0.8 µm with the use of a normal X-ray tube. Extremely large compressive residual stress was found in all the TiN films prepared in this study.
The effect of film structure on the state of surface roughness and residual stress was investigated in single-, double-, and multi-layer TiN and TiAlN films deposited by AIP on high-speed steel substrate. As the number of layers increased, the film surfaces became smoother. Residual stresses in the TiAlN films were more than twice larger than those in the TiN films, regardless of the way of constructing the layers. However, the average residual stress was clearly reduced by making double-or multilayer structure.
